Prediction model of bottom hole temperature and pressure at deep injector for CO2 sequestration to recover injection rate  by Sasaki, Kyuro et al.
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7PLVGLPHQVLRQOHVVWHP SHUDWXUHKLVFLUFXODWLRQKHLJKWRIQDWXUDOFRQYHFWLRQIORZ JLVDFFHOHUDWLRQRIJUDYLW\ ȕ7LV
FRHIILFLHQWRIWKHUPDOH[SDQVLRQRIWKHIOXLGȣILVG\QDPLFFRHIILFLHQWRIYLVFRVLW\DQGDI LV KHDWGLIIXVLYLW\1XVVHOW
QXPEHU1XIRUHDFKHOHYDWLRQ 
,QR UGHU WR YHULI\ WKH UHOLDELOLW\ RI &KRXNDLU\¶V HTXDWLRQ WKH ODERUDWRU\ H[SHULPHQWV ZHUH FDUULHG RQ WKH KHDW
WUDQVIHUUDWHXVLQJZHOOPRGHOVFRQVLVWLQJRIWZRFXSSHUSLSHVZLWKGLIIHUHQWGLDPHWHUVDVVKRZQLQ)LJ+RWZDWHU
RI  WR  & ZDV FLUFXODWHG LQ WKH LQQHU SLSH LQVWHDG RI &2 7HPSHUDWXUHV RI WKH SLSHV ZHUH PHDVXUHG E\
WKHUPRFRXSOHV SODFHG RQ WKH SLSH VXUIDFHV )LJXUH  VKRZV H[SHULPHQWDO UHVXOWV RI 1X FRPSDUHG ZLWK WKH
&KRXNDLU\¶V HTXDWLRQ ,Q DGGLWLRQ PHDVXUHPHQW YDOXHV RI 1X DW RXWVLGH VXUIDFH RI WKH VLQJOH WXELQJ ZLWK WKH
HTXDWLRQ ZHUH DOVR FRPSDUHG %DVHG RQ WKRVH UHVXOWV &KRXNDLU\¶V HTXDWLRQ FDQ SUHGLFW KHDW WUDQVIHU UDWH LQ WKH
DQQXOXV>@
 8QVWHDG\ FDVLQJ WHPSHUDWXUH
6SHFLILFHQWKDOS\RI&2GHFUHDVHVZLWKGHSWKE\KHDWORVVIURP&2IORZ WR WKH IRUPDWLRQDURXQG WKH LQMHFWLRQ
ZHOO2Q WKH RWKHU KDQG WHPSHUDWXUH RI VWUDWD RXWVLGH RI WKH FDVLQJ SLSH FDVLQJ RXWHU VXUIDFH ULVHV JUDGXDOO\ZLWK
HODSVHG WLPH IURP VWDUW RI LQMHFWLRQ 6XSSRVH7  LV LQLWLDO VWUDWD WHPSHUDWXUHDQG 7 DQ LV WHPSHU DWXUH LQ DQQXOXV WKH
WHPSHUDWXUHDWRXWHUVXUIDFHRIWKHFDVLQJ 7ZFDQEHFDOFXODWHGE\QH[WHTXDWLRQ6DVDNLHWDO >@ 
 
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7KHHODSVHGWLPHIDFWRU ȘWĲZKLFKLVDIXQFWLRQRI)RXULHU QXPEHU Ĳ DUWĮFDZKHUHĮFD LVDSSDUHQWKHDWWUDQVIHU
UDWHDWLQQHUFDVLQJ ȜULVKHDWFRQGXFWLYLW\RIURFN DQG DULVKHDWGLIIXVLYLW\RIURFN7KHHTXDWLRQVRI ȘWĲSUHVHQWHG 
E\6WDUILOHOGHWDO >@DQG6DVDNLHWDO >@ZHUHXVHGIRUSUHVHQWQXP HHULFDO VLPXODWLRQV>@ 
 1XPHULFDOHTXDWLRQVDQGSURFHGXUHIRUVSHFLILFHQWKDOS\FKDQJHRI&2IORZ 
&2WHPSHUDWXUHDQGSKDVHFKDQJHJDVOLTXLGDQGVXSHUFULWLFDODUHDFFRPSDQLHGE\ FKDQJHRI VSHFLILF HQWKDOS\
(37 &2 WHPSHUDWXUH 7 IL ZDV FDOFXODW HG E\ D IXQFWLRQ DV VKRZQ LQ )LJXUH  7KH IXQFWLRQ FDOFXODWLQJ
WHPSHUDWXUH7ILIURPWKHVSHFLILFHQWKDOS\(LDQGSUHVVXUH3LLVGHILQHGDV 
 LLIL 3(7 θ= 
7KH&2VSHFLILFHQWKDOS\(LDW [L [Lǻ[LLVREWDLQHGIURP 
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ZKHUH ȜL LV HTXLYDOHQW KHDW FRQGXFWLYLW\ DW [L 7I L LV &2  WHPSHUDWXUH LQ WKH WXELQJ  7ZL LV FDVLQJ RXWHU VXUIDFH
WHPSHUDWXUHDWHDFKHOHPHQWGHQRWHGZLWK LDQG0LV&2 PDVVIORZUDWH 6XSSRVH WKH IXQFWLRQȡ3L7LFDOFXODWLQJ
&2GHQVLW\IURP3LDQG7L&2SUHVVXUHDW[L 3LDQG7LDW [LDUH JLYHQE\ 
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7KHIXQFWLRQVRI(37ș37DQGȡ37FRUUHVSRQGLQJVXEURXWLQHVSURYL GHGE\3523$7+ >@ZHUH DSSOLHG WR
FDUU\SUHVHQW QXPHULFDO VLPXODW LRQV
 $VVXPHGYDOXHV  LQ QXPHULFDO FDOFXODWLRQV
,QSUHVHQWQXPHULFDOFDOFXODWLRQVWKUHHYDOXHVZHUHDVVXPHG DV IROORZV
+HDWGLIIXVLYLW\RIIRUPDWLRQV
+HDWFRQGXFWLYLW\ ȜU DQG KHDW GLIIXVLYLW\ DI RI URFN VWUDWD RXWHU FDVLQJ KDYH QRW EHHQ PHDVXUHG VDPH YDOXHV RI
DU îPVDQG ȜU :P.ZHUHDVVXPHGEDVHGRQVWDQGDUGKHDWSURSHUWLHVIRUVHGLPHQWDU\URFNV 
&LUFXODWLRQKHLJKWRIQDWXUDOFRQYHFWLRQIORZLQDQQXOXV 
$W WKH<XKEDUL VLWH LW ZDV GLIILFXOW WR PHDVXUH FLUFXODWLRQ KHLJKW K RI QDWXUDO FRQYHFWLRQ LQ DQQXOXV+RZHYHU
ERWWRPKROHWHPSHUDWXUHZDVQRWVHQVLWLYHWRKHYHQLI KFKDQJHG IURPWRP7KXV K PZDVDVVXPHGDVDQ
DSSURSULDWH YDOXH VLQFH QDWXUDO FRQYHFWLRQ OHVV WKDQ  P ZDV QRW REVHUYHG LQ WKH H[SHULPHQWV GHVFULEHG LQ WKH
SUHYLRXVVHFWLRQ 
+HDWFDSDFLW\RIWXELQJRUFDVLQJ
,W ZDV DVVXPHG WKDW WHPSHUDWXUH FKDQJHV RI WXELQJ DQG FDVLQJ SLSHV DUH TXDVL VWHDG\DQGK HDWFDSDFLW\RIWKH
SLSHVZDVQRWLQFOXGHGL QWKHHTXDWLRQV 
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7DEOH 6LPXODWLRQSDUDPHWHUVRI&2LQMHFWLRQIRUHDFKPRGHOV 

0RGHO<HDU     +HDWHU 
7HPSHUDWXUHDWWXELQJKHDG&     
3UHVVXUHDWWXELQJKHDG03D     
,QMHFWLRQUDWHWRQGD\     
7XELQJ  +a  ,QVXODWHGWXEH  ,QVXODWHGWXEH  ,QVXODWHGWXEH  ,QVXODWHGWXEH 
+a  6LQJOHWXEH 6LQJOHWXEH ,QVXODWHGWXEH  ,QVXODWHGWXEH 6HH)LJXUH
+a  6LQJOHWXEH ,QVXODWHGWXEH  ,QVXODWHGWXEH  ,QVXODWHGWXEH 
+ 1*DV /LTXLG&2 :DWHU :DWHU
+ 1*DV /LTXLG&2 :DWHU :DWHU)OXLGLQDQQXOXV
+ :DWHU :DWHU :DWHU :DWHU
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0RQLWRUHG7HPS %+7+HDWFRQGXFWLRQ1XP %+7+HDWFRQYHFWLRQ1XP
0RQLWRUHG3UHVV %+3+HDWFRQGXFWLRQ1XP %+3+HDWFRQYHFWLRQ1XP

)LJXUH&RPSDULVRQVRI%+7DQG%+3 VLPXODWHG E\KHDWFRQGXFWLRQDQGFRQYHFWLRQPRGHOV IRU0RGHO 

5HVXOWDQG'LVFXVVLRQ 
 (IIHFWRIQDWXUDOFRQYHFWLRQLQDQQXOXV 
7KHZHOO IRUPDWLRQVHWLQ0RGHOVHH7DEOH  LQFOXGHV WKH WKHUPDO LQVXODWHG WXELQJPLQ OHQJWK
IURPWKHZHOOKHDG )LJXUH VKRZVFRPSDULVRQVRI&2 WHPSHUDWXUHDQGSUHVVXUHDWWKHERWWRPKROH 7KHQXPHULFDO
VLPXODWLRQ UHVXOWV VKRZ WKDW WKH KHDW FRQ GXFWLRQ PRGHO FRXOG QRW IROORZ WKH %+7 DQG %+7 PRQLWRUHG GDWD DW
<XKEDULWHVWVLWHLQ6LQFH&2WHPSHUDWXUHGHFUHDVHVE\KHDWORVVJHQHUDWHGE\QDWXUDOFRQYHFWLRQLQDQQXOXV
WKHERWWRPSUHVVXUHLQFUHDVHVEHFDXVHRILQFUHDVHRI&2GHQVLW\E\&2 SKDVHFKDQJHIURPVXSHUFULWLFDOWROLTXLG 
 &DVHRIWKHUPDOLQVXODWHGWXELQJVSDUWO\XVHGDWZHOOKHDGDQGERWWRP0RGHO 
,Q WKHUPDO LQVXODWHG WXELQJVPLQ OHQJWKZHUHXVHGDWKHDGaPDQGERWWRPaPDQG WKH
DQQXOXV ZDV ILOOHG ZLWK OLTXLG&2 0RGHO  VHH7DEOH   )LJXUH  VKRZVFRPSDULVRQVRI&2WHPSHUDWXUH
EHWZHHQ WKH ZHOO ORJJLQJ GDWD DQG VLPXODWLRQ UHVXOWV  IRU WKH LQMHFWLRQ FRQGLWLRQV WKDW DUH & 03D DQG
WRQGD\ DW WKHZHOO KHDG 6LQFH WKH ORJJLQJ IURP VXUIDFH WR O HYHO PZDV WDNHQ   KRXUV WKH VLPXODWHG&2
WHPSHUDWXUH DJDLQVW GHSWK ZDV SORWWHG IRU HDFK WLPH $ UHDVRQZK\ WKHPHDVXUHG SUHVVXUH QHDU WKH ZHOO KHDG ULVHV
DERXW RI 03D LV XQNQRZQ DW SUHVHQW  7KH WHPSHUDWXUHZDV VWLOO ORZHU WKDQ VXSHUFULWLFDO RQH DW WKHERWWRPKROH
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EHFDXVH OLTXLG &2 ZDV ILOOHG LQ WKH DQQXOXV DQG FROG &2 IORZZDV NHSW GXULQJ  WR P E\ WKH LQVXODWHG
WXELQJHYHQLIVWUDWDWHPSHUDWXUHLQFUHDVLQJZLWKGHSWK
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
)LJXUH&RPSDULVRQRIWHPSHUDWXUHEHWZHHQ ILHOG ORJJLQJGDWD DQGVLPXODWLRQUHVXOWV0RGHO 
7KHORJJLQJGDWDZHUHPHDVXUHGRQ$XJXVWWRDW<XEDULWHVWVLWH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 &	03D
,QMHFWLRQUDWHWRQGD\
$QQXOXV+ 2
,QVXODWHGWXELQJVPLQOHQJWKZHUHXVHG

)LJXUH&2 WHPSHUDWXUHGLVWULEXWLRQ96GHSWK0RGHO
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WRQGD\
,QMHFWLRQ7HPS	3UHVV#KHDG &	03D
$QQXOXV+ 2
,QVXODWHGWXELQJVPLQOHQJWKZHUHXVHG
WRQGD\

)LJXUH(IIHFWRILQMHFWLRQUDWHRQ&2WHPSHUWDWXUHDIWHUGD\V0RGHO 
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 ± 

 &DVHRIZKROHWKHUPDOLQVXODWHGWXELQJ0RGHO 
,Q  LQ RUGHU WRPDNH GHFUHDVH WKH KHDW ORVV IURP WKH WXELQJ DQG NHHS &2 LQ VXSHUFULWLFDO FRQGLWLRQ ZKROH
LQMHFWLRQ WXELQJ SLSH ZDV UHSODFHG ZLWK WKHUPDO LQVXODWHG RQH ZLWK  P LQ OHQJWK DQG +2 ZDV ILOOHG LQ WKH
DQQXOXV 0RGHO )LJXUH  VKRZV QXPHULFDO FDOFXODWLRQ UHVXOWV IRU WKH0RGHO  3UHGLFWLRQ WHPSHUDWXUH DW
WKHERWWRPKROHIRULQMHFWLRQUDWHWRQGD\LV&ORZHUWKDQPRQLWRUHGWHPSHUDWXUHDWWKHRXWHU VXUIDFHRIWKH
DQQXOXV&ZKLFKZDVLQIOXHQFHGE\VWUDWDWHPSHUDWXUHLQWKHDQQXOXV 
,WLVH[SHFW HGWKDW&2WHPSHUDWXUHDWWKHERWWRPKROHLQFUHDVHVZLWKLQMHFWLRQUDWHVLQFHKHDWORVVLVQRWVHQVLWLYH
WRIORZUDWH )LJXUH VKRZV DVHQVLWLYLW\DQDO\VLVRIWHPSHUDWXUHDWWKHERWWRPKROHDJDLQVW WKH LQMHFWLRQUDWHIRU WKH
0RGHO 
%DVHGRQWKHSUHVHQWVLPXODWLRQUHVXOWV LWLVVXPPHUL]HGWKDW &2SKDVHFDQNHHSVXSHUFULWLFDODW WKHERWWRPKROH
DIWHURQHZHHNZKHQWKH LQMHFWLRQ UDW H LV RYHUWRQGD\ZLWK WKHUPDO LQVXODWHG WXELQJIRUZKROH LQMHFWLRQZHOO 
&RQFOXVLRQ 
7KLVVWXG\KDVSURYLGHGDQXPHULFDOSURFHGXUHWRSUHGLFWWHPSHUDWXUHSUHVVXUHDQGSKDVHFKDQJHRILQMHFWHG &2 
LQWRFRDOVHDPVIRU &2VHTXHVWUDWLRQDQGLVVXPPDUL]HGDVIROORZV 
 ,W LV FOHDU WKDW ERWWRP KROH WHPSHUDWXUH GHFOLQHV XQWLO OLTXLG WHPSHUDWXUH GXH WR KHDW ORVV DFFHOHUDWHG E\ QDWXUDO
FRQYHFWLRQLQWKHDQQXOXV 
 7KHUPDO HTXLYDOHQW FRQGXFWLYLW\ RI WKH LQVXODWHG WXELQJZDV HYDOXDWHG DV :P. EDVHG RQ WKHZHOO ORJJLQJ
WHPSHUDWXUHGDWHDW<XKEDULWHVWVLWHDQGPHDVXUHPHQWGDWDE\WKHKHDWHUUHVSRQVHWHVWFDUULHGLQ 
 &2 WHPSHUDWXUH DW WKH ERWWRP KROH ZDV SUHGLFWHG DV DERXW & OLTXLG WHPSHUDWXUH ZKLFK LV JRRG DJUHHPHQW
ZLWKWKHPRQLWRUHGGDWDLQDW<XKEDULWHVWVLWH 
7KHFRQWUROPDSVKRZLQJWDUJHWWHGLQMHFWLRQUDWHDJDLQVWSRZHURIWKHOLQHKHDWHUZLWKDSDUDPHWHURIHODSVHGWLPH
KDV EHHQ SUHVHQWHG LQ RUGHU WR NHHS WKH VXSHUFULWLFDO FRQGLWLRQ DW WKH ERWWRP KROH RI WKH LQMHFWLRQ WXELQJ &2
FRQGLWLRQ DW ERWWRP KROH RI WKH LQMHFWLRQ WXELQJ LV H[SHFWHG WR EH VXSHU FULWLFDO ZLWK &2 LQMHFWLRQ UDWH RYHU
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